Plants contain nuclear-coded sigma factors for initiation of chloroplast transcription. The in vivo function of individual members of the sigma gene family has become increasingly accessible by knockout and complementation strategies. Here we have investigated plastid gene expression in an Arabidopsis (Arabidopsis thaliana) mutant with a defective gene for sigma factor 6. RNA gel-blot hybridization and real-time reverse transcription polymerase chain reaction together indicate that this factor has a dual developmental role, with both early and persistent (long-term) activities. The early role is evident from the sharp decrease of certain plastid transcripts only in young mutant seedlings. The second (persistent) role is reflected by the up-and down-regulation of other transcripts at the time of primary leaf formation and subsequent vegetative development. We conclude that sigma 6 does not represent a general factor, but seems to have specialized roles in developmental stage-and gene-specific plastid transcription. The possibility that plastid DNA copy number might be responsible for the altered transcript patterns in mutant versus wild type was excluded by the results of DNA gel-blot hybridization. Retransformation of the knockout line with the full-length sigma 6 cDNA further established a causal relationship between the functional sigma gene and the resulting phenotype.
Plants contain nuclear-coded sigma factors for initiation of chloroplast transcription. The in vivo function of individual members of the sigma gene family has become increasingly accessible by knockout and complementation strategies. Here we have investigated plastid gene expression in an Arabidopsis (Arabidopsis thaliana) mutant with a defective gene for sigma factor 6. RNA gel-blot hybridization and real-time reverse transcription polymerase chain reaction together indicate that this factor has a dual developmental role, with both early and persistent (long-term) activities. The early role is evident from the sharp decrease of certain plastid transcripts only in young mutant seedlings. The second (persistent) role is reflected by the up-and down-regulation of other transcripts at the time of primary leaf formation and subsequent vegetative development. We conclude that sigma 6 does not represent a general factor, but seems to have specialized roles in developmental stage-and gene-specific plastid transcription. The possibility that plastid DNA copy number might be responsible for the altered transcript patterns in mutant versus wild type was excluded by the results of DNA gel-blot hybridization. Retransformation of the knockout line with the full-length sigma 6 cDNA further established a causal relationship between the functional sigma gene and the resulting phenotype.
Chloroplasts and other plastid types contain their own genetic system consisting of DNA and a full set of proteins for gene expression. Transcription, the first step leading to primary RNA molecules, involves at least two different RNA polymerases. Plastid-encoded polymerase (PEP) is the multisubunit bacterial-type enzyme, whereas nucleus-encoded polymerase (NEP) is of the single-subunit type shared with phage T3/T7 and mitochondrial enzymes (Hedtke et al., 1997; Maliga, 1998; Cahoon and Stern, 2001 ). The promoters recognized by each polymerase differ, with 235/210 elements in the case of PEP and GAA/YRTA motifs in the case of NEP (Liere and Maliga, 2001; Shiina et al., 2005) . PEP has major roles in functional chloroplasts, which is reflected by the large number of regulatory proteins surrounding the catalytic core (Pfannschmidt et al., 2000; Loschelder et al., 2004; Suzuki et al., 2005; Pfalz et al., 2006) , including those that associate transiently, such as the sigma factors Link, 1993a, 1993b) .
Sigma factors are the principal regulators of transcription initiation in bacteria (Borukhov and Nudler, 2003; Gruber and Gross, 2003) and, in view of phylogenetic relationships (Martin et al., 2005) , it comes as no surprise that chloroplasts contain such factors. Unlike the core subunits of the bacterial-type plastid RNA polymerase, the organellar sigma proteins are encoded by nuclear genes-in higher plants usually as a small gene family (Allison, 2000; Toyoshima et al., 2005) . Arabidopsis (Arabidopsis thaliana) contains six of these genes, AtSig1 to 6, all of which are unlinked and most of them on different chromosomes (Isono et al., 1997; Tanaka et al., 1997; Arabidopsis Genome Initiative, 2000; Fujiwara et al., 2000; Hakimi et al., 2000) . A common feature of these highly split genes is their coding region for the conserved C-terminal half of the derived protein (Hakimi et al., 2000) , which contains the typical regions 1.2 to 4.2 for basic sigma functions (Gruber and Gross, 2003) . In contrast, the N-terminal half consisting of the short transit peptide followed by a considerable extra sequence of variable length is unconserved, suggesting that the latter might contain important determinants for specific properties of individual factors (e.g. in development and stress response; Kanamaru and Tanaka, 2004) .
Whereas basic sigma functions have been tested to a large extent using heterologous in vitro systems with authentic plastid or bacterially expressed sigma proteins and Escherichia coli RNA polymerase (Hakimi et al., 2000; Hanaoka et al., 2003; Homann and Link, 2003) , the availability of Arabidopsis sigma mutant lines has facilitated functional studies in vivo (Hanaoka et al., 2003; Privat et al., 2003; Nagashima et al., 2004; Tsunoyama et al., 2004; Favory et al., 2005; Ishizaki et al., 2005) . Here, we investigate an Arabidopsis knockout line with a Sig6 mutant allele (Rosso et al., 2003) that reveals a strong developmental stagespecific (albino) phenotype and characteristic changes in plastid gene expression.
RESULTS

Characterization of the Arabidopsis Sig6-2 Mutant Allele
We have chosen the knockout mutant line sig6-2 that had been generated in the GABI-Kat program at the Max-Planck-Institute fuer Zuechtungsforschung, Cologne (242G06; Rosso et al., 2003) . Sequencing of T-DNA borders identified the insertion site within exon 5 of the genomic Sig6 sequence on chromosome II (At2g36990) 1,022 nucleotides downstream of the ATG initiation start codon, which would correspond to a derived protein that lacks all functional domains for sigma factor activity (Fig. 1A) . Genomic PCR and Southernblot analysis of selfed progeny lines together verified the selection of a stable homozygous mutant line with a single-copy T-DNA insertion (data not shown).
Using reverse transcription (RT)-PCR and genespecific primers (see ''Materials and Methods''), transcripts from individual members of the Arabidopsis sigma gene family were assessed. As shown in Figure  1B , the signals for Sig1 to Sig6 were all clearly visible with wild-type RNA, whereas the Sig6 transcript was absent with mutant RNA.
The phenotype of sig6-2 differs from that of the wild type in a developmental stage-specific way. Homozygous mutant seedlings develop normally shaped cotyledons, but with increasing chlorophyll deficiency. Younger stages until approximately 4 d after sowing have pale-green cotyledons, which then become yellowish and finally white during the next 6 to 8 d (Fig. 1C) . In contrast, the primary leaves and subsequent rosette leaves are seemingly unaffected. Except for the remainder of the white cotyledons, mutant plants are green and have a normal morphological appearance (Fig. 1C) . They tend, however, to be slightly smaller in size than wild type of the same age, which could be related to delayed germination and/or seedling development.
Plastid Transcript Patterns in the Wild Type versus Sig6-2 Transcript levels of representative chloroplast genes at different times in development were assessed by northern-blot hybridization. RNA samples from cotyledons (seedlings 4-10 d after sowing) or rosette leaves (plants 21 and 28 d after sowing) were fractionated and hybridized with gene-specific RNA probes (Fig. 2) as described in ''Materials and Methods.'' The results were grouped according to the observed expression mode in the mutant, taking into account the classification of plastid genes based on their transcription by Figure 1 . Characterization of the Arabidopsis sig6-2 mutant. A, Genomic Sig6 region (At2g36990) showing exon/intron structure and T-DNA insertion site in exon 5, 1,022 nucleotides downstream from the ATG start codon (top line). The resulting cDNA with the fused exons, but without the 5# and 3# untranslated regions, is depicted below. Also given are features of the derived protein. TP, Transit peptide; UR, unconserved region; 1-4, conserved regions for sigma activity. Genomic sequence and cDNA, but not T-DNA, are drawn to scale (scale bar on top). LB, Left border; RB, right border; sul, sulfonamide (sulfadiazine) resistance gene. B, RT-PCR detection of sigma factor transcripts in wild type (WT) and sig6-2 mutant. Total RNA was prepared from 6-d seedlings, reverse transcribed, and cDNA was amplified using the gene-specific primer pairs as described in ''Materials and Methods.'' C, Wild-type (WT) and sig6-2 mutant phenotype during development (4, 8, 10, 12, 21, and 28 d after sowing).
PEP versus NEP (Hajdukiewicz et al., 1997; Shiina et al., 2005) . Data for genes with an expression mode of typical (PEP-dependent) class I genes are presented in Figure 2A and those for PEP-and NEP-dependent class II genes in Figure 2B . In Figure 2C , patterns are shown for accD, the (exclusively NEP-dependent) class III gene for the plastid-coded subunit of acetylCoA carboxylase, and clpP (the monomeric component of a plastid caseinolytic protease P1), a class II gene with an expression mode similar to accD (Sato et al., 1999) . The 1.3-kb psbA transcript ( Fig. 2A , top row) is a prominent band in all wild-type lanes from 4 to 28 d after sowing. In the mutant, this transcript is dramatically down-regulated at 4 d (i.e. the youngest seedling stage analyzed), and is then rapidly restored to wildtype levels. A similar time course was noticeable both for the 1.9-kb large subunit of Rubisco (rbcL) transcript (second row) and the 0.6-kb precursor of the introncontaining trnV(UAC) gene (third row), again with a decrease only in the 4-d mutant sample. In addition, the trnV probe revealed a high-molecular (3.0 kb) signal in the mutant, but not in the wild type. Unlike all other transcripts in Figure 2A , this RNA species was not detectable before the 8-d stage.
In contrast to the genes in Figure 2A , those in Figure  2B did not give rise to transcripts with an early decrease at the 4-d mutant stage. The dicistronic (Sugita and Sugiura, 1996) atpB/E transcript at 2.0 kb (first and second row), the monocistronic atpE mRNA at 0.7 kb (second row), and the tricistronic ndhC/K/J transcript at 1.8 kb (third row) were all visible at almost constant intensity over the entire time span from 4 to 28 d. On the other hand, differences between wild-type and mutant patterns were evident in Figure  2B , which were not noticeable for psbA and rbcL ( Fig.  2A) . These included the gradual weakening of the 2.6-kb atpB/E band beginning with the first (4 d) mutant stage until complete loss after day 10, and the transient appearance of a large 4.8-kb species (8-and 10-d lanes). The latter, mutant-specific RNA spans the entire atpB/E coding region and ends a short distance downstream, but has a considerable extra sequence on the 5# side (data not shown). The ndhC probe detected a 3.0-kb transcript at day 8 and later. Both the time course and size are reminiscent of the large band detected by the trnV probe ( Fig. 2A , third row), suggesting that it is the same transcript spanning these two adjacent genes (Sato et al., 1999) .
Finally, as shown in Figure 2C (first row), the 2.5-kb transcript of the accD gene was present in the mutant in amounts that were equal to (21 and 28 d) or higher (4-10 d), but never lower, than those in the wild type. A similar pattern was also observed for the 1.2-kb clpP transcript (second row).
To assess steady-state transcript levels of selected monocistronic genes more rigorously, quantitative real-time PCR experiments were carried out (Fig. 3) . Again, psbA and rbcL were found to give decreased transcript levels in 4-d-old, but not 10-d-old, sig6-2 seedlings (Fig. 3, A and B ). For psbA (Fig. 3A) , the down-regulation compared to the wild type exceeded a factor of 4 at the 4-d stage and was less than 0.5 at 10 d, whereas for rbcL (Fig. 3B ) the factors were greater than 2 (4 d) versus less than 0.5 (10 d). In contrast, real-time RT-PCR showed greater than 3-fold upregulation for the clpP transcript at day 4 and 2-fold at day 10 (Fig. 3C ). This pattern is in agreement with that observed for accD and clpP in the northern-blot Figure 2 . Northern-blot analysis. Total RNA (1 mg/lane) from 4-, 8-, 10-, 21-, and 28-d stages of wild type (WT) and mutants (MT) was gel fractionated, blotted, and hybridized with DIG-labeled RNA probes. A, psbA, rbcL, trnV(UAC). B, atpB, atpE, ndhC. C, accD and clpP. Ethidium bromide-stained loading controls (25S rRNA) are shown at the bottom of each image. Northern-blot experiments were carried out at least three times with RNAs from independent preparations. experiments (Fig. 2C) . Because of their multiple overlapping transcripts, the polycistronic transcription units studied in Figure 2B (atpB-E, ndhC-K-J) were not investigated by real-time quantification.
Plastid-Nuclear DNA Ratio Is Not Responsible for Altered Expression Patterns in Sig6-2
As changes in copy number of plastid DNA might contribute to the altered RNA patterns in the mutant, we tested this possibility by Southern hybridization with both plastid and nuclear probes. Total DNA was prepared from wild type and mutant (sig6-2), either at the 4-d seedling stage (Fig. 4A) or from 28-d plants (Fig. 4B) . After digestion of equal amounts of DNA with HindIII, followed by gel fractionation and hybridization, a single signal at 7.5 kb was generated with the plastid psbA probe (Fig. 4B, left) , and a 9.0-kb band with the nuclear 18S rDNA probe (Fig. 4B, right) . The wild-type and sig6-2 lanes always revealed bands of equal intensity, suggesting that DNA copy number was not responsible for the different psbA transcript levels in mutant versus wild type that were observed at 4 d, but not 28 d (Fig. 2) .
Rescue of SIG6 Gene Function by Complementation
To further confirm that insertional inactivation of the AtSig6 gene in the sig6-2 mutant is directly responsible for its phenotype, complementation experiments using full-length cDNA were carried out. Following RT and amplification, the cloned AtSig6 cDNA was fused to the cauliflower mosaic virus 35S promoter of the binary vector pBINAR (Höfgen and Willmitzer, 1990) . Following floral-dip transformation of sig6-2 (Clough and Bent, 1998), T2 plants and selfed progeny were analyzed for visible phenotype, DNA (Fig. 5A) , and RNA (Fig. 5B) patterns. Of the four different complementation lines that were tested, the representative results obtained with one line are shown.
We first examined the integration of the pBINAR T-DNA into the sig6-2 mutant line using genomic Southern-blot analyses (Fig. 5A ). The sulf probe (Fig.  5A , left) established the absence of the primary T-DNA from the wild type, and its presence in both the sig6-2 knockout and the complemented mutant line. The neomycin phosphotransferase II (nptII) probe (Fig. 5A , middle) specifically detected the T-DNA insertion resulting from the secondary transformation, with a signal visible only in the complemented mutant. Using the sig6 probe (Fig. 5A, right) , a single 5.3-kb band was generated in the wild type, whereas a 3.5-kb band was noticeable in both the knockout and retransformed plants. The latter also showed two additional bands at approximately 6.0 and 4.5 kb. As these two bands were consistently observed under a variety of experimental conditions, they probably indicate the presence of an additional EcoRI site adjacent to the insertion rather than partial digestion (data not shown). In any case, Figure 3 . Real-time RT-PCR quantification of plastid RNAs. A to C, Transcript levels of the psbA, rbcL, and clpP genes, respectively, were determined in wild type and sig6-2 by RT followed by quantitative PCR. Data are given as log 2 of mutant-wild-type ratios with a mean from at least three independent experiments. none of them is visible in the wild-type and knockout lanes, suggesting that they mark a single secondary insertion at a unique site.
We next analyzed the gene expression patterns of the complemented line in comparison with those from the wild type and the sig6-2 knockout. As shown in Figure 5B (top left), RT-PCR amplification from total RNA of 4-d seedlings established that the AtSig6 transcripts are absent in the knockout, but are present in both wild-type and complemented lines, and similar results were obtained with RNA from 10-d seedlings (data not shown). Using RNA gel-blot hybridization with a psbA probe (Fig. 5B, left) , the intensity of the 1.3-kb transcript was decreased in the knockout compared with the wild type (see also Fig. 2A ), but was restored to at least wild-type levels in the complemented line. These quantitative differences in signal strength among lines were much more pronounced for the 4-d (left) than for the 10-d seedlings (right). The hybridization results with the atpB and atpE probes (Fig. 5B,   right ) again showed the typical transcript patterns for wild type and knockout (compare Fig. 2B ), and the complete restoration of the retransformed mutant to the wild-type situation. Whereas the 2.0-kb (and 0.7-kb) transcripts are visible in all lanes, the 2.6-kb transcript is present only in wild-type and complemented lines, and the 4.8-kb band only in the knockout mutant line. Together, these data provide evidence that the retransformed line has acquired wild-type properties with regard to AtSig6-dependent plastid gene expression. This notion is further supported by the visible phenotype, which is indistinguishable from wild type (data not shown).
DISCUSSION
In this work, we have characterized a new AtSig6 mutant allele, sig6-2, both at the DNA and RNA level, as well as by complementation with intact cDNA. This reverse-genetics strategy established a causal link Figure 5 . Complementation of the sig6-2 knockout mutant. A, T-DNA and AtSig6 detection by Southern-blot hybridization of total genomic DNA from wild-type, knockout, and complementation line plants. Left, Primary T-DNA insertion. DNA digested with EcoRV and hybridized with a sulf probe (see Fig. 1 ). Middle, Secondary T-DNA insertion after retransformation of sig6-2 knockout line. DNA digested with HindIII and hybridized with nptII probe. Right, AtSig6 detection. DNA digested with EcoRI and hybridized with Sig6-specific probe. Fragment sizes (kb) are given in the left margin of each image. B, Transcript analysis using total RNA from wild type (WT), sig6-2 (MT), and the sig6-2 complementation line (C). Top left, RT-PCR products with AtSig6-specific primers. Left and right, RNA gel-blot hybridization. The probes and transcript sizes (kb) are indicated in the left margins and ethidium bromide-stained 25S rRNA is shown below each image.
between the introduced gene and the visual and molecular phenotype of the rescued transformants, both of which resembled that of the wild type (Fig. 5) . PCR and Southern-blot analysis together established the gene-specific (single) T-DNA insertion both in the knockout mutant and in the complemented line (Fig. 1) . Using the same techniques, evidence was obtained that plastid DNA copy number does not seem to be a significant factor responsible for distinct plastid RNA patterns of wild type versus mutant (Fig. 4) .
RT-PCR and northern-blot analysis together suggested that gene expression patterns in both wild-type and complemented lines are similar, if not identical, and those in the knockout mutant are clearly different (Figs. 2, 3, and 5) . The plastid RNA patterns were thus of diagnostic value, in both the comparison of different Arabidopsis (wild type, mutant, and complemented) lines and different developmental stages of one single line. Furthermore, the expression patterns helped integrate the picture obtained for genes of different classes. For instance, as is evident from Figure 2 , both the class I genes (psbA and rbcL) and the split trnV(UAC) gene gave rise to transcripts of similar expression mode. We feel that the term expression mode can be particularly useful if multiple transcripts are considered, as is the case for the genes presented in Figure 2B (atpB/E, trnV, ndhC; Sato et al., 1999) .
Unlike most mutants described for other Arabidopsis sigma factors (for review, see Shiina et al., 2005; Toyoshima et al., 2005) , those for sigma 6 reveal a developmental stage-specific phenotype. This was first shown for the mutant allele sig6-1 (Ishizaki et al., 2005) , which has a pale-green (chlorophyll-deficient) phenotype in 3-to 4-d seedlings and then regreens to wild-type levels until day 8. In addition, plastid gene expression at the RNA level was affected in that mutant only in young (4 d), but not older (8 d), seedlings, which led the authors to conclude that AtSIG6 might have a function restricted to early seedling development (Ishizaki et al., 2005) . The sig6-2 mutant allele analyzed in this work has an even stronger phenotype than sig6-1, with cotyledons that are pale green (days 3 and 4) and then become yellowish and finally white (days 10-12).
The transcript patterns (Figs. 2 and 3 ) of sig6-2 were in agreement with those obtained for sig6-1 in at least some cases. This is evident for transcripts of the class I genes psbA and rbcL, each of which showed a sharp decrease in steady-state concentration at day 4, but not at day 8, in sig6-1 (Ishizaki et al., 2005) . In the sig6-2 line studied here by northern-blot hybridization (Fig. 2) and quantitative real-time RT-PCR (Fig. 3) , the psbA and rbcL transcript levels were strongly reduced at the earliest time point (4 d) and rapidly recovered to almost wild-type levels by day 10. Hence, from the data obtained with class I genes, both the sig6-1 and sig6-2 mutant alleles are defective in a SIG6 function that plays a stage-specific critical role in early seedling development. Similar conclusions can be reached if the transcripts of the clpP (class II) and accD (class III) genes (Fig. 2C) are considered, although, in these cases, increased, rather than decreased, levels were found in the mutant as compared with the wild type.
A notable difference, however, is evident from the trnV(UAC) transcript pattern ( Fig. 2A, third row) , consisting of two RNA species with different time courses during development. The smaller (0.6-kb) band shows the early decrease (4 d), as was seen for the class I transcripts psbA and rbcL (first and second row). The large 3.0-kb signal is visible only in the mutant, and only later throughout day 8 to 28. Neither effect was previously described for trnV in sig6-1 (Ishizaki et al., 2005) . The presence and differential time course of these two RNAs thus distinguishes the two mutant alleles and, furthermore, points to a role of SIG6 not only in seedlings, but also in rosette-stage plants.
This view is strengthened by the data obtained with the polycistronic ndhC transcription unit (Fig. 2B, third  row) , which also results in two RNAs of different time courses. The smaller (1.8-kb) species appears to be present in relatively constant amounts without a decrease at the 4-d seedling stage. The mutant-specific 3.0-kb RNA is first visible at day 8 and then remains at a constant level (i.e. both its size and time course match those of the large trnV transcript; Fig. 2A, row 3) . As trnV and ndhC are immediately adjacent (Sato et al., 1999) , it is likely that the 3.0-kb RNA detected in both cases is identical.
The atpB-E operon (Fig. 2B , first and second row) gives rise to several transcripts, none of which shows an early decrease comparable to that of the class I RNAs (Fig.  2A) . (1) The major 2.0-kb (atpB-E) and the 0.7-kb (monocistronic atpE) RNAs were both present in roughly constant amounts throughout development. (2) The 2.6-kb RNA species was visible both in wild type and sig6-2 at 4 d, but was absent in the mutant at all subsequent stages. (3) The mutant-specific 4.8-kb species Figure 6 . Model depicting the proposed dual role of AtSig6 in Arabidopsis development. Two distinct components of SIG6 activity (indicated by perpendicular bars separated by dashed lines) together determine its total activity (heavy-lined curve). Early role in young seedlings and persistent (long-term) role during subsequent development of seedlings and rosette-stage plants. The suggested early role is based on the observation that transcripts of expression mode 1, such as those of psbA, rbcL, and the 0.6-kb trnV(UAC) transcript, are strongly down-regulated in young mutant seedlings at 4 d. Thereafter, they recover to almost wild-type amounts in 8-to 10-d mutant seedlings (Fig. 2A) . The persistent role relates to the continuous presence or absence of mutant-specific transcripts of expression mode 2, including those from the atpB/E (4.8 and 2.6 kb) and trnV/ndhC region (3.0 kb; Fig. 2B ). The trailing edge of the solid curve is thought to indicate overlap of functions. The region above the curve reflects sigmadependent transcription activity mediated by SIG1 to 5, but also sigma-independent transcription by NEP. accumulated transiently between 4 and 10 d and then completely disappeared (Fig. 2B, first and second row) .
Together, the data presented in Figure 2 indicate an unexpected complexity of SIG6-dependent responses in Arabidopsis development. The model depicted in Figure 6 suggests a dual role consisting of both an early and persistent (long-term) activity of the factor. An early decrease was seen for the transcripts of class I genes ( Fig. 2A) , but also for the 0.6-kb trnV transcript (expression mode I). The opposite effect (i.e. the early increase of the accD and clpP transcripts; Fig. 2C ) may be functionally related, although it could be due to efficient NEP transcription (Allison et al., 1996; Legen et al., 2002) of these genes in this situation in the mutant (expression mode III). Perhaps most notable, none of the mature transcripts in Figure 2B revealed an early effect, indicating that a different gene-specific mechanism might be involved (expression mode II). At this early time point, another sigma factor might be able to substitute for SIG6 in the transcription of the mode II genes (Fig. 2B ), but less efficiently, if at all, in the transcription of the mode I genes ( Fig. 2A) . Likewise, the loss of the 2.6-kb atpB-E transcripts in the mutant is consistent with a second (long-term) role of SIG6, implying that it cannot fully be replaced by other factors during late seedling development and rosette leaf formation. It is notable that none of the monocistronic class I genes (psbA and rbcL) showed any persistent effect, such as mutant-specific transcripts of distinguishable size ( Fig. 2A ; data not shown). Together, this would mean that, at least during the developmental stages and at the genes (promoters) investigated here, SIG6 seems to act as a specialized, rather than a general, factor.
The transient 4.8-kb RNA of the atpB/E region ( Fig.  2) may be a consequence of the fact that both the early and persistent (long-term) functions of SIG6 are absent in the mutant. If not generated by an alternative sigma factor and PEP, this mutant-specific RNA could be the result of NEP-dependent transcription. A similar mechanism (i.e. formation of a large [polycistronic] transcript by usage of a NEP promoter in the absence of SIG6), could explain the 3.0-kb trnV (and ndhC) transcript. Furthermore, it was previously established that trnV is a PEP-dependent gene preferentially transcribed in the presence of SIG2 (Kanamaru et al., 2001; Hanaoka et al., 2003; Privat et al., 2003) . The early decrease of the 0.6-kb RNA at day 4 ( Fig. 2A) suggests that SIG6, in addition to SIG2, may have a temporally restricted role in the transcription of this tRNA gene.
A question that emerges relates to the mechanisms involved in the functional overlap of plastid sigma factors throughout development or only at certain times Shiina et al., 2005) . From in vitro studies using purified authentic Link, 1993a, 1993b) or recombinant sigma proteins (Homann and Link, 2003) , it appears that the phosphorylation state of these factors might be a critical determinant in transcription initiation activity. The protein kinase responsible for sigma phosphorylation (Baginsky et al., 1997 (Baginsky et al., , 1999 has been cloned and characterized (Ogrzewalla et al., 2002) . This plastid transcription kinase, a known CK2-type enzyme also termed cpCK2 (Loschelder et al., 2004) , is regulated by phosphorylation itself and, moreover, is subject to redox control by glutathione (for review, see Baginsky and Link, 2005) . It will be interesting to investigate whether AtSIG6 is a functional substrate for plastid transcription kinase and possible consequences for plastid gene regulation.
In addition to phosphorylation and redox control, a number of other mechanisms could be envisaged for time-and promoter-specific usage of individual plastid sigma factors, including proteolytic cleavage (Hakimi et al., 2000; Homann and Link, 2003) , splice variants (Fujiwara et al., 2000; Yao et al., 2003) , interacting proteins (Morikawa et al., 2002) , and other compositional changes of the core plastid transcription machinery (Pfannschmidt and Link, 1994; Pfalz et al., 2006) . Studies using transgenic plants with functional and/or defective sigma genes (Suzuki et al., 2005) can be expected to provide further insight into the underlying mechanisms.
MATERIALS AND METHODS
Plant Material, Growth Conditions, and Developmental Stages
The sig6-2 mutant of Arabidopsis (Arabidopsis thaliana ecotype Columbia) was identified in a collection of T-DNA insertion lines of the GABI-Kat project at the Max-Planck-Institute fuer Zuechtungsforschung (Rosso et al., 2003) . Surface-sterilized seeds of wild-type and sig6-2 mutants were sown on Murashige and Skoog medium containing 0.4% (w/v) gelrite and 1% (w/v) Suc. They were stratified at 4°C for 2 to 3 d and then transferred to 24°C for germination and growth under short-day conditions (8-h light/16-h dark, 60 mmol m 22 s 21 ). Seedlings were harvested 4, 8, or 10 d after sowing or growth was continued until day 14, at which time plantlets were transferred to sterile soil for another 1 or 2 weeks under the same environmental conditions. Rosette leaves were then harvested from the 21-or 28-d soil-grown plants. All samples were immediately frozen in liquid nitrogen and stored at 285°C until use.
Characterization of the Sig6 Knockout
For PCR analysis of the AtSig6 mutant, total DNA samples were isolated from rosette leaves of either wild type or progeny of the GABI-Kat line (T3 or later) by using the plant mini kit (Qiagen). The primer pair for the sulfonamide resistance gene of the T-DNA plasmid pAC161 (Rosso et al., 2003) allowed detection of the single-copy insertion. The Sig6-specific primers Sig6-HO1 (5#-CCACTCGCCTATTGTTGGTT-3#) and Sig6-HO2 (5#-GGAGAGGAGGC-AGTTTGATG-3#), in combination with the left border-specific primer Sig6-LB2 (5#-TTTTTCTTGTGGCCGTCTTT-3#), together verified the existence of homozygous progeny lines. SUL1a/b was also used for synthesis of probes to be used in gel-blot hybridization (see below).
RT-PCR Detection of Sigma Factor Transcripts
Total RNA (2 mg) from 6-d-old Arabidopsis seedlings was mixed with random primers (10 pM; Promega), incubated at 70°C for 10 min, and chilled on ice for 1 min. After addition of 6 mL avian myeloblastosis virus-reverse transcriptase buffer (Promega), 1 mL RNasin (40 units/mL; Promega), 3 mL dNTPs (0.25 mM each), and 3 mL avian myeloblastosis virus-reverse transcriptase (10 units/mL) to a final volume of 30 mL, the reaction was incubated at 37°C for 90 min. Following heating to 95°C for 10 min, the mixture was chilled on ice for 1 min. One microliter of RNase A (10 mg/mL; Sigma) was then added and incubation continued at 37°C for 15 min. The cDNAs corresponding to each Arabidopsis sigma factor were amplified using Taq DNA polymerase (Promega).
